The presence of proenkephalin mRNA in germ cells purified from adult mouse testis was examined using RNA gel-and dot-blot analyses. Both pachytene spermatocytes and round spermatids were shown to contain concentrations of this transcript that are 2-to 3-fold greater than that found for whole mouse testis, on a per ug ofpolyadenylylated RNA basis. spermatocytes, round spermatids, and residual bodies were isolated on linear gradients of bovine serum albumin using a modification (14) of the method of Romrell et al. (15). These three fractions represent the most highly purified germ-cell components recovered from dissociated seminiferous epithelium with this procedure as assessed by Nomarski and phase microscopy (15). Mature sperm were isolated from the vas ductus of the mouse and rat as described by Wolfe et al. (16). In three separate experiments, the purity of pachytene spermatocyte preparations ranged from 88 to 91%, with binucleated spermatids being the major contaminants. The round spermatid fractions were between 91 and 94% pure, with large condensing spermatids and residual bodies as the main contaminants. In both fractions, contamination by somatic cells (Leydig and Sertoli cells) was generally less than 1%. Residual bodies were 88-91% pure, with condensing spermatids being the major contamination.
suggest that developing germ cells may be a major site of proenkephalin synthesis in the adult testis and that proenkephalin-derived peptides may function as germ cell-associated hormones or autocrine/paracrine factors.
The essential role of pituitary gonadotrophic hormones in testicular development and function has long been recognized. However, peptides and proteins produced locally within the testis are receiving increasing attention as potential paracrine and autocrine factors mediating interactions between different testicular cells (1, 2) . For example, Sertoli cells produce androgen-binding protein, Sertoli-derived growth factor, transferrin, and other proteins that are important for germ-cell development (3) . They also appear to be the source of a peptide similar to gonadotropin-releasing hormone that directly affects testosterone synthesis by Leydig cells (1, 2) . In addition, peritubular cells secrete a protein factor (PMod-S) that stimulates androgen-binding protein and transferrin synthesis by Sertoli cells (4 spermatocytes, round spermatids, and residual bodies were isolated on linear gradients of bovine serum albumin using a modification (14) of the method of Romrell et al. (15) . These three fractions represent the most highly purified germ-cell components recovered from dissociated seminiferous epithelium with this procedure as assessed by Nomarski and phase microscopy (15) . Mature sperm were isolated from the vas ductus of the mouse and rat as described by Wolfe et al. (16) . In three separate experiments, the purity of pachytene spermatocyte preparations ranged from 88 to 91%, with binucleated spermatids being the major contaminants. The round spermatid fractions were between 91 and 94% pure, with large condensing spermatids and residual bodies as the main contaminants. In both fractions, contamination by somatic cells (Leydig and Sertoli cells) was generally less than 1%. Residual bodies were 88-91% pure, with condensing spermatids being the major contamination.
Analysis of Proenkephalin mRNA Content. Total RNA was prepared from isolated germ cells, whole testis, and liver from adult mice by the guanidinium thiocyanate/cesium chloride gradient procedure (17) . Polyadenylylated RNA was prepared by oligo(dT) chromatography (18) . RNA samples were separated on 1.5% agarose/methyl mercury hydroxide gels (19) and then transferred to nylon membranes (GeneScreenPlus, New England Nuclear) (20) . Membranes were prehybridized for 4-16 hr at 420C, hybridized with nicktranslated rat proenkephalin cDNA, pRPE-1 (165-600) (21) (2-4 x 108 cpm/,ug) and then washed as described (12, 21) .
Autoradiography was performed at -80'C for 16-24 hr. RNA blots were as described (12 pared along with poly(A)+ RNA from rat testis and rat brain (Fig. 2) . As shown, proenkephalin mRNA is 2-to 3-fold more abundant in round spermatids than in whole mouse testis when expressed per gg of poly(A)+ RNA.
The germ-cell fractions employed in these studies are 90% or more pure, with the majority of contaminating cells being other germ-cell types. In light of the enrichment of proen- kephalin mRNA in these fractions, it seemed unlikely that contamination by nongerm-cell types (e.g., Leydig or Sertoli cells) accounted for the above observations. To further rule out this possibility, the distribution of proenkephalin mRNA throughout the bovine serum albumin gradient was examined relative to the various cell types in the gradient (Fig. 3) . It is clear that the profile of proenkephalin mRNA coincides with that of the two major germ-cell types (pachytene spermatocytes and round spermatids) and is distinct from the profiles for either Sertoli or Leydig cells. Round spermatids represent the major proenkephalin mRNA-containing fraction on these gradients due to their significantly higher number. Due to the manner in which gradient fractions were pooled, it is not possible to determine from these experiments whether other germ-cell components (residual bodies and condensing spermatids) also contain significant concentrations of proenkephalin mRNA (see below).
The above results indicate that proenkephalin mRNA is present in germ cells both during meiotic prophase (spermatocytes) and following meiosis (spermatids). It is not clear at this time whether the presence of this mRNA in postmeiotic cells reflects haploid gene transcription or carry-over of unusually stable transcripts synthesized prior to cell division (22, 23) . Proenkephalin mRNA was also detected in total RNA isolated from purified residual bodies (Fig. 4) . However, it should be noted that the abundance of this transcript in residual bodies was significantly lower than that seen in round spermatids or whole testis. It is, therefore, possible that the mRNA observed in residual bodies is due to contamination by round and/or condensing spermatids (see also Fig. 3) . Further fractionation will be necessary to resolve this question. If correct, these data would indicate that germ-cell expression of proenkephalin is maintained through the later stages of spermiogenesis (condensation/elongation).
To determine whether mature sperm might also contain proenkephalin mRNA, total RNA was prepared from sperm isolated from rat and mouse vas ductus. No detectable hybridization to nick-translated proenkephalin cDNA was observed in spermatozoa from either species, even when 50-fold more sperm cells than round spermatids were examined (Fig. 3) . Thus, on a per cell basis, the levels of proenkephalin mRNA are markedly reduced in mature sperm. This is not entirely unexpected in light of the low content of total RNA isolated from these cells (see Fig. 3 ). It is, therefore, difficult to estimate the actual abundance of proenkephalin mRNA per ug of RNA in mature sperm.
Pachytene spermatocytes and round spermatids together account for greater than 50% of the poly(A)+ RNA present in mouse seminiferous tubules (24) . Furthermore, since the latter compartment makes up by far the majority of total testicular cell volume in the rat and mouse [90% in the rat (25) ], these two germ-cell populations contribute a major fraction of total testicular poly(A)+ RNA. The 2-to 3-fold enrichment of proenkephalin mRNA in mouse pachytene spermatocytes and round spermatids relative to whole testis, therefore, indicates that these germ cells are a major source of this mRNA in the mouse testis. However, this does not exclude the possibility that other testicular cell types, including somatic cells and germ cells at other stages of development, also express proenkephalin mRNA. In situ hybridization should help to clarify this question.
Studies by Pintar et al. (26) indicated that testicular POMC mRNA is exclusively expressed by Leydig cells in the rat (although see below). The present data implicate developing germ cells as a major site of proenkephalin biosynthesis within the adult mouse testis. These results are important in that germ cells are generally considered to be targets of hormone action as opposed to sites of hormone synthesis. However, indirect evidence suggests that germ cells can Comparative distributions of proenkephalin mRNA and testicular cell types on linear bovine serum albumin gradients. Germ cells prepared from 24 mouse testes were separated by unit gravity sedimentation using a STA-PUT system as described (15) . Collected fractions (10 ml) were pooled into consecutive groups of four, and the distribution of various cell types was determined by Nomarski light microscopy (1, 3, 27, 28) . While cell-cell contact may mediate certain of these effects (29) , it is possible that specific factors released from germ cells are also important. Consistent with this, protein secretion by cultured pachytene spermatocytes has been detected (30) . Stimulation of Sertoli cell adenylcyclase by a germ cell-associated factor has also been reported (31) . In addition, N-acetylendorphins, peptides derived from POMC, have been reported to be present in rat spermatogonia and primary spermatocytes (32) . Evidence ofPOMC mRNA within mouse testicular germ cells was found using in situ hybridization (33) . It is, therefore, possible that testicular germ cells express multiple opioid peptide precursors. The significance of proenkephalin mRNA expression by testicular germ cells remains to be determined. Studies by Gerendai et al. (34, 35) suggest that endogenous opioid peptides might exert effects on Sertoli cell growth and Leydig cell steroidogenesis. An autocrine function is also possible. Further analysis of the nature, secretion, and specific actions ofgerm cell-associated proenkephalin-derived peptides are necessary before their role as putative germ cell autocrine and/or paracrine factors can be established. Another important aspect to be examined is the developmental regulation of proenkephalin gene expression during spermatogenesis. Certain germ cell mRNAs are translationally regulated, being actively trans-lated only at specific stages of the spermatogenic cycle (36) . Preliminary experiments in this laboratory indicate that a significant fraction of proenkephalin mRNA in adult rat testis exists in an untranslated state. It is, therefore, conceivable that this transcript also undergoes stage-specific translational regulation during spermatogenesis.
